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Abstract 15 
Contaminants find their way to the Arctic through long-range atmospheric transport, transport 16 
via ocean currents, and through increased anthropogenic activity. Some of the typical   17 
pollutants reaching the Arctic (PAHs, PCBs) are known to induce cytochrome P450 1a 18 
(CYP1A) protein expression and ethoxyresorufin-O-deethylase (EROD) activity through the 19 
aryl hydrocarbon receptor (AhR). In addition, some endocrine disrupting chemicals (EDCs) 20 
such as estrogen mimics (xenoestrogens) have been documented in Arctic areas and may thus 21 
interfere with natural sexual development and reproduction. In vitro assays that are capable of 22 
detecting effects of such pollutants, covering multiple endpoints, are generally based on 23 
mammalian or temperate species and there are currently no well characterized cell-based in 24 
vitro assays for effect assessment from Arctic fish species. The present study aimed to develop 25 
a high-throughput and multi-endpoint in vitro assay from Arctic char (Salvelinus alpinus) to 26 
provide an non-animal (alternative) testing method for an ecologically-relevant Arctic species. 27 
A method for isolation and exposure of primary hepatocytes from Arctic char for studying the 28 
toxic effects and mode of action (MoA) of pollutants was applied and validated. The multi-29 
versatility of the bioassay was assessed by classical biomarker responses such as cell viability 30 
(membrane integrity and metabolic activity), phase I detoxification (CYP1A protein 31 
expression, EROD activity) and estrogen receptor (ER) mediated vitellogenin (Vtg) protein 32 
expression using a selection of model compounds, environmental pollutants and an 33 
environmental extract containing a complex mixture of pollutants. Primary hepatocytes from 34 
Arctic char were successfully isolated and culture conditions optimized to identify the most 35 
optimal assay conditions for covering multiple endpoints. The hepatocytes responded with 36 
concentration-dependent responses to all of the model compounds, most of the environmental 37 
pollutants and the environmental sample tested. The bioassay response and sensitivity of the 38 
hepatocytes from Arctic char differed slightly from closely related salmonid species, thus 39 
highlighting the need for developing in vitro assays relevant for Arctic species. The present 40 
multi-endpoint in vitro assay offer a highly versatile tool to screen potential effects of pollutants 41 
and complex samples relevant for Arctic exposure scenarios.  42 
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1. Introduction 46 
Contaminants find their way to the Arctic through long-range atmospheric transport, transport 47 
via ocean currents, and through increased anthropogenic activity in Arctic areas. Contaminants 48 
may also be distributed in the ecosystem by living organisms such as migration of fish and 49 
through guano from seabirds. Organisms in the Arctic environment are thus exposed to a 50 
number of contaminants and high concentrations of persistent organic pollutants (POPs) have 51 
been measured in some Arctic fish species (reviewed by Letcher et al., 2010). Surprisingly, 52 
higher concentrations of several groups of POPs were found in Greenland shark (Somniosus 53 
microcephalus) and Arctic char (Salvelinus alpinus) than in other species of fish considered in 54 
this study. Highest body burdens of POPs were found in the Greenland shark (Ʃ polychlorinated 55 
biphenyls (PCB) of 4400 ng/g lipid weight (lw), Ʃ chlordanes (CHL) of 1815 ng/g lw, and Ʃ 56 
dichlorodiphenyltrichloroethanes (DDT) of 7195 ng/g lw). High concentrations of POPs was 57 
also reported for Arctic char (ƩPCB of 2700 ng/g wet weight (ww), ƩCHL of 330-430 ng/g lw, 58 
and ƩDDT of 310-500 ng/g lw). In addition, local hot-spots of contamination have been 59 
demonstrated in areas such as Lake Ellasjøen at Bear Island (Norway), where high 60 
concentrations of organic halogenated compounds (OHCs) such as hexachlorobenzene, ƩCHLs 61 
(> 200 ng/g lw), mirex, ƩDDTs (1 585 ng/g lw) and ƩPCBs (>10 000 ng/g lw) have been 62 
demonstrated in resident populations of Arctic char (Bytingsvik et al., 2015; Evenset et al., 63 
2004). These high levels of POPs might pose a problem to the fish as the dioxin-equivalents of 64 
detected compounds was 8 times higher in Arctic char than the lowest observed effect 65 
concentration (LOEL) of dioxins in temperate salmonid fish  (Bytingsvik et al., 2015).  66 
 67 
Arctic char is a cold-water, Arctic species of the Salmonidae family, and is closely related to 68 
both Atlantic salmon and lake trout. The species has a wide spread distribution in the northern 69 
hemisphere and is the only native freshwater species found in the Arctic, sub-Arctic, alpine 70 
lakes and coastal waters. The Arctic char has been used in a few in vivo studies to investigate 71 
effects of contaminants (Aluru et al., 2004; Devaux et al., 2011; Jorgensen et al., 2001a, 2001b), 72 
studying amongst others, EROD activity and CYP1A protein expression (Jorgensen et al., 73 
2001b). CYP1A is one of the most sensitive biomarkers for planar (chlorinated and non-74 
chlorinated) hydrocarbons in fish (van der Oost et al., 2003) and like EROD activity, CYP1A 75 
gene and protein expression is mediated through transcriptional activation of the aryl 76 
hydrocarbon receptor (AhR). Known substrates for the AhR are dioxin-like compounds such 77 
as planar PCBs and polycyclic aromatic hydrocarbons (PAHs), POPs commonly found in   78 
arctic biota and environment (Bytingsvik et al., 2015; Evenset et al., 2004). POPs such as     79 
these have caused reproductive effects in fish at concentrations lower or similar to the ones 80 
detected in Arctic fish (Letcher et al., 2010). For instance, PCB levels < 500 ng/g ww in fish 81 
eggs is proposed to affect the survival after fertilization, and larvae exposed to PCB levels as 82 
low as 10–30 ng/g ww may suffer from reproductive dysfunctions later in life (reviewed by 83 
Letcher et al 2010).  Some POPs are also known to or suspected to induce endocrine disruption 84 
(ED), including interference with estrogen receptor (ER)-mediated processes. A commonly 85 
used biomarker for exposure and effect of xenoestrogens is the induction of the ER-mediated 86 
production of vitellogenin (Vtg, egg yolk protein precursor). Vitellogenin protein and gene 87 
expression has been shown to be induced by a number of environmental pollutants including 88 
bisphenol A, nonylphenols, octylphenols and o,p’-DDE both in vitro and in vivo (Larsen et al., 89 
2006; Park et al., 2003; Petersen and Tollefsen, 2011). 90 
 91 
Although in vivo studies are regarded as the golden standard in ecotoxicological testing, in    92 
vitro bioassays have gained momentum as alternatives to resource demanding in vivo studies 93 
due to a high-throughput testing format, low sample volume requirement and multi-endpoint 94 
testing capability (Castaño et al., 2003; Schirmer, 2006). In vitro methods, such as the primary 95 
culture of fish cells, have been derived from various tissues and species and used in chemical 96 
toxicity screening and mechanistic studies (Avella et al., 1999; Björkblom et al., 2008; Ellesat 97 
et al., 2011; Farkas et al., 2011; Liebel et al., 2011; Segner, 1998; Tollefsen et al., 2003). Of the 98 
different fish tissues, liver is the most commonly used donor organ for primary fish cell cultures. 99 
Primary fish hepatocytes retain native liver properties such as biotransformation, detoxification 100 
response, lipogenesis, and are estrogen responsive for up to 5-8 days in culture (Braunbeck and 101 
Storch 1992; Segner 1998; Tollefsen et al., 2003). Several toxicological relevant mechanisms 102 
have been demonstrated to be comparable to that observed in vivo (Hultman et al., 2015a). 103 
 104 
There are currently no well characterized cell-based in vitro assays for effect assessment 105 
derived from Arctic fish species. In order to contribute to the understanding and assessment of 106 
pollutants on Arctic species, the present study aimed to develop and apply a method for isolation 107 
and exposure of primary hepatocytes from Arctic char to study potential effects of POPs. The 108 
multi-versatility of the bioassay was assessed by classical biomarker responses such as Vtg 109 
protein expression, EROD activity, CYP1A protein expression and cytotoxicity (cell membrane 110 
integrity and metabolic activity) using a suite of model compounds (17β-estradiol, copper 111 
sulphate and 2,3,7,8-tetrachlorodibenzo-p-dioxin), environmental contaminants (4-tert-112 
octylphenol, bisphenol A, PCB126 and benzo(A)pyrene) and a complex environmental sample 113 
(extract of road maintenance water).  114 
 115 
2. Materials and methods 116 
2.1 Chemicals and environmental extract  117 
The test chemicals 17β-estradiol (E2, ≥98%), benzo(a)pyrene (BAP), copper sulphate 118 
(CuSO4*5H2O), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), bisphenol A (BPA, 97%) and   119 
4-tert-octylphenol (OP, 97%) were obtained from Sigma-Aldrich (St. Lois, MI, US) while 120 
3,3’,4,4’,5-pentachlorobiphenyl (PCB 126) was purchased from Chiron AS (Trondheim, 121 
Norway). All chemicals, except CuSO4*5H2O which was dissolved directly in the cell culture 122 
media before exposure, were dissolved in dimethylsulfoxide (DMSO) and stored at -20°C when 123 
not in use. An in-house environmental extract from road maintenance (tunnel wash) water from 124 
the Nordby tunnel (Ås, Norway) previously shown to induce EROD activity and CYP1A 125 
protein in primary rainbow trout hepatocytes (Petersen et al., 2016), and the extract of the 126 
corresponding control water, was stored at -20°C when not in use. The tested extract was 127 
considered to be representative for a highly complex polluted environmental sample (Meland 128 
et al., 2010, Petersen et al., 2016). The exposure concentration was expressed as a concentration 129 
ratio (CR) that referred to the extracted water to bioassay exposure concentration ratio. A CR 130 
of 1 indicate that the nominal concentrations in exposure media corresponds to the 131 
concentrations in the water sample from which the extract was obtained. The final DMSO 132 
concentration in the exposure media was 0.1% for all chemicals and extract concentrations, 133 
except for the highest concentration of the extract (1% DMSO). Solvent controls of 0.1% and 134 
1% DMSO was applied on each exposure plate and used as negative controls.   135 
 136 
2.2 Arctic Char 137 
Roe from Arctic Char (Salvelinus alpinus) were obtained from Tydalfisk (Løvøya, Tydal, 138 
Norway) and transported to the animal facilities at the Norwegian University of Life Sciences, 139 
NMBU (Ås, Norway) where they were hatched and reared. When reaching approximately 100 140 
grams, fish were transported to the animal facilities at the University of Oslo (Oslo, Norway) 141 
where they were kept in tanks with a water temperature of 8±3°C, 100% oxygen saturation, pH 142 
6.6 and a 12h light/12h dark cycle. The fish were fed daily with pellets (Skretting, Stavanger, 143 
Norway) corresponding to approximately 0.5% of the total body mass.  144 
 145 
2.3 Isolation and exposure of Arctic Char hepatocytes 146 
Prior to the exposure experiments, the isolation method developed for other salmonid fish 147 
(Tollefsen et al., 2003) was optimized for Arctic char by testing different types of collagenase. 148 
In brief, the fish (size 150-500 grams) were killed with a blow to the head and sexed by visual 149 
inspection of their gonads. Only juveniles (undeveloped gonads) or fish with male gonads were 150 
used. For optimal cell yield, the liver was perfused with a calcium free buffer (NaCl 122 mM, 151 
KCl 4.8 mM, MgSO4 1.2 mM, Na2HPO4 11 mM, NaH2PO4 3.3 mM, NaHCO3 3.7 mM, EGTA 152 
26 µM, 0°C, 5 ml/min, 10-15 min) to remove the blood from the liver as described in Tollefsen 153 
et al., (2003). The liver was then perfused with the same buffer (5 ml/min, 10-15 min, 37°C) 154 
without EGTA and with added CaCl2 (1.5 mM) and collagenase type VIII (Sigma-Aldrich, 0.3 155 
mg/ml, different from the collagenase normally used for salmonids). The liver was transferred 156 
to a glass beaker on ice and dispersed in ice cold calcium free buffer supplemented with 0.1% 157 
w/v bovine serum albumin (BSA). The cell suspension was filtered first through a 250 µm nylon 158 
mesh and then through 100 µm nylon mesh before centrifugation at 500 rpm three times (4 min, 159 
3 min and 3 min). Following the first centrifugation the supernatant was removed and the cells 160 
re-suspended in ice-cold calcium-free buffer supplemented with 0.1% w/v BSA. After the 161 
second and third centrifugation the cells were re-suspended in refrigerated serum-free L-15 162 
medium containing L-glutamin (0.29 mg/ml), NaHCO3 (4.5 mM), penicillin (100 units/ml), 163 
streptomycin (100 µg/L) and amphotericin (0.25 µg/ml). Cells were filtered through a 100 µM 164 
nylon mesh followed by assessment of the cell viability (>80%) using a Bürkner counting 165 
chamber and Trypan Blue (twice the volume of trypan blue as the volume of cell suspension). 166 
The cell suspension was thereafter diluted to the desired cell concentration, plated in 96-well 167 
Primaria™ microtiter plates (Falcon, Becton Dickinson Labware, Oxnard, CA, USA) and left 168 
to acclimatize for 24h in a temperature regulated incubator at 4±2°C, 10°C and/or 15°C.  169 
 170 
After 24h, 75µl culture media was removed from each well and 125 µl of exposure media with 171 
E2 (positive standard for estrogenic effects), TCDD (positive standard for EROD activity and 172 
CYP1A protein expression), and CuSO4 (positive standard for cytotoxic effects) was added to 173 
determine the response of these model compounds. After 48h of exposure, cell media was 174 
removed and the cell plates were stored at -80°C for subsequent analysis of EROD activity and 175 
CYP1A protein. Plates determined for Vtg and cytotoxicity analysis were re-exposed after 48h 176 
by replacing 125 µl of the medium with freshly prepared exposure solutions and exposed for 177 
additional 48h (total exposure time 96h). At the end of the 96h exposure, the cell media was 178 
transferred to 96-well Maxisorp Nunc-immunoplates (Nunc, Roskilde, Denmark), sealed with 179 
plate sealers (Nunc, Roskilde, Denmark) and stored at -80 for subsequent vitellogenin (Vtg) 180 
analysis. The remaining media was removed and the cells were subjected to cytotoxicity 181 
analysis.  182 
 183 
Different exposure temperatures (4°C, 10°C and 15°C), exposure durations (24, 48 and 96h) 184 
and cell densities (750 000, 500 000, 250 000 and 100 000 cells/ml) were tested to identify 185 
optimal in vitro exposure and culture conditions for the different bioassay endpoints. To find 186 
the optimal temperature for exposure, cells from the same fish were divided into three      187 
batches, exposed to the same standards and incubated at 4±2°C, 10°C and 15°C. After finding 188 
the optimal temperature (i.e. the temperature that best balanced the environmental relevance 189 
and optimal bioassay conditions), four different concentrations of cells (100 000 cells/ml, 190 
250 000 cells/ml, 500 000 cells/ml and 750 000 cells/ml) were tested to find the cell density 191 
that provided the best balance in terms of efficiency (high-throughput capability) and endpoint 192 
response (sensitivity, reproducibility and responsiveness).  193 
 194 
After determining the optimal temperature and cell density, environmental pollutants 195 
(bisphenol A, 4-tert-octylphenol, PCB 126, benzo(a)pyrene), and a complex environmental 196 
extract (tunnel wash water) assumed to display different mode of action (MoA) were tested 197 
individually to characterize the suitability of Arctic char hepatocytes as an in vitro screening 198 
assay. 199 
 200 
2.4 Cytotoxicity assays 201 
At the end of the 96h exposure period, metabolic activity and membrane integrity were 202 
determined essentially as described by Schreer et al. (2005) using the two probes Alamar blue 203 
(AB) and 5-Carboxyfluorescein Diacetate, Acetoxymethyl Ester (CFDA-AM), respectively. 204 
The growth media was removed from the wells before the cells were incubated in 100 µl tris 205 
buffer (5 mM, pH 7.5) containing 5% AB and 4 µM CFDA-AM. Fluorescence was read after 206 
30 min of incubation on an orbital shaker (100 rpm) in the dark (room temperature) at 207 
wavelength pairs of excitation and emission of 530-590 nm (AB) and 485-530 nm (CFDA- 208 
AM) using a Victor V3 multilabel counter (PerkinElmer, Waltham, MA, USA). The results 209 
were normalized to the DMSO control (100% viability) and the highest concentration of   210 
CuSO4 (10 mM) causing 100% cell death (0% viability). 211 
 212 
2.5 EROD activity  213 
The EROD activity was measured by incubating the cells with ethoxyresorufin (ER), a substrate 214 
for the CYP1A isoenzymes, which is enzymatically converted to resorufin (RR). The 215 
conversion of ER to RR is linear for at least 20 minutes and is monitored fluorometrically. In 216 
brief, the cell plates were thawed on ice, and incubated in 200 µl of 50 mM Tris buffer 217 
containing 0.1 M NaCl, 20 µM dicumarol, 2 µM ER, and 100 µM β-nicotinamide adenine 218 
dinucleotide phosphate (β-NADPH) for 15 min. Fluorescence was measured using a Victor     219 
V3 multilabel counter (PerkinElmer, Waltham, MA, USA) with excitation and emission 220 
wavelength pair of 530 nm and 595 nm, respectively. The protein concentrations were measured 221 
with the Bradford method. The results were normalized to the response range (0-100%) using 222 
a negative (DMSO) and positive (0.3 or 3 nM TCDD) control.  223 
 224 
2.6 CYP1A protein expression 225 
The analysis of CYP1A protein expression was conducted essentially as described by    226 
Tollefsen et al. (2008). Following EROD analysis, the plates were frozen at -80 degrees and 227 
thawed again to produce a homogenous cell lysate. Once thawed, 40 µl from each well was 228 
transferred to a new 96-well plate and diluted with 160 µl coating buffer (0.025 M Carbonate-229 
bicarbonate). 100 µl of the diluted lysates and reference samples was transferred to 96-well 230 
Maxisorp Nunc-immunoplates (Nunc, Roskilde, Denmark), sealed with plate seals (Nunc, 231 
Roskilde, Denmark) and incubated overnight in the dark at 4°C. The plates were washed three 232 
times with washing buffer (PBS added 0.05% Tween® 20) and incubated 1h in the dark (room 233 
temperature) with 200 µl blocking buffer (PBS with 2% BSA). After three washes with washing 234 
buffer, cells were incubated with 100 µl of the primary antibody polyclonal rabbit anti-fish 235 
CYP1A (CP-226, Biosense Laboratories, Bergen, Norway) diluted 1:1000 in 1% (w/v) BSA-236 
PBS buffer at 37°C for 2 h. The CP-226 antibody is known to cross-react with CYP1A in liver 237 
samples from a wide variety of species, including rainbow trout (Oncorhynchus mykiss), 238 
Atlantic salmon (Salmo salar), Atlantic cod (Gadus morhua), common carp (Cyprinus carpio), 239 
flounder (Platichthys flesus), sheepshead minnow (Cyprinodon variegatus) and gilthead bream 240 
(Sparus aurata) (Biosense Laboratories, product sheet for CP-226), and was therefore assumed 241 
to also cross-react with CYP1A in Arctic char. After three washes, 100 µl secondary antibody 242 
Goat-anti-Rabbit IgG conjugated with horseradish peroxidase (HRP, 1:3000, Bio-Rad, 243 
Hercules, CA, USA) was added and the plates were incubated at 37 °C for 2h. The plates were 244 
washed five times and 100 µl of the substrate for HRP (TMB plus2, Kem-En-Tech, Taastrup, 245 
Denmark) was added to each well. Plates were incubated for 15 min. and the reaction was 246 
stopped by adding 50 µl H2SO4 (1 M). The absorbance was measured by a VersaMax microplate 247 
reader (Molecular Devices LLC., Sunnyvale, CA, USA) at 450 nm and the results normalized 248 
to the response range (0-100%) using a negative (DMSO) and positive (0.3 or 3 nM TCDD) 249 
control. 250 
 251 
2.7 Vitellogenin protein expression 252 
The production of Vtg was measured by a semi-quantitative capture ELISA as described in 253 
Tollefsen et al. (2003). Plates were thawed before Vtg protein standards (Vtg from rainbow 254 
trout) were applied to empty wells. The Vtg standard was used to control that the assay 255 
performed as expected. Plates were left to incubate overnight in the dark at 4°C, then washed 256 
three times with washing buffer (PBS added 0.05% Tween® 20) and incubated 1h in the dark 257 
with 200 µl blocking buffer (PBS with 2% BSA). After three washes with washing buffer, cells 258 
were incubated with 100 µl of the primary antibody monoclonal mouse anti-salmon Vtg (BN-259 
5, Biosense laboratories, Bergen, Norway) diluted 1:6000 in PBS buffer with 1% BSA at 37°C 260 
for 2h. The antibody BN-5 binds with high affinity to Vtg in plasma samples from Atlantic 261 
salmon and cross-reacts with Vtg in plasma samples from Arctic char (Biosense laboratories, 262 
product sheet BN-5). After three washes, 100 µl secondary antibody goat-anti mouse IgG 263 
conjugated with horse radish peroxidase (HRP) was added and the plates were incubated at 264 
37°C for 1h. The plates were then washed five times and 100 µl of the substrate for HRP (TMB 265 
plus2, Kem-En-Tech, Taastrup, Denmark) were added to each well. Plates were incubated for 266 
15 min and the reaction was stopped by adding 50 µl H2SO4 (1 M). The absorbance was 267 
measured at 450 nm by a VersaMax microplate reader (Molecular Devices LLC., Sunnyvale, 268 
CA, USA) and the results normalized to the response range (0-100%) using a negative (DMSO) 269 
and positive (30 nM E2) control. 270 
 271 
2.8 Data analysis 272 
All data were assessed with Graphpad prism v6.01 software (GraphPad Software Inc., San 273 
Diego, CA, USA). Data were fitted with non-linear sigmoidal concentration-response curve 274 
with variable slope, with constraints for bottom (0) and top (100). Significant differences were 275 
identified by one way ANOVA using a p-value threshold of p<0.05. 276 
 277 
3. Results 278 
3.1 Isolation of arctic char hepatocytes 279 
Viable hepatocytes were successfully isolated from Arctic char by use of a 2 step perfusion 280 
method with collagenase type VIII. The cell viability was generally above 80% (mean of 85±5 281 
% based on 12 independent cell isolations) and a yield of 40-200 million cells per isolation was 282 
obtained. Microscopic inspection of perfused cells revealed a homogenous mono-layer of 283 
hepatocytes with an apparent high content of what looked like lipid vacuoles (supplementary 284 
figure S1). The unexposed primary hepatocytes were viable for at least 120h, determined by 285 
the trypan blue method. Use of collagenase type IV (Sigma-Aldrich), resulted in extensive cell 286 
disruption demonstrated by presence of a lipid layer after centrifugation and low cell yield, and 287 
could not be used for isolation of the Arctic char hepatocytes.  288 
 289 
3.2 Influence of exposure conditions on endpoint responses 290 
The exposure durations and sampling times of 48h for EROD and CYP1A analyses, and 96h 291 
with re-exposure after 48h for Vtg and cytotoxicity analyses were found to be appropriate to 292 
obtain a clear concentration response of the model compounds. High quality (R2 > 0.7) 293 
concentration-response curves (CRCs) for all endpoints were obtained when testing the model 294 
compounds (Fig. 1-3). In a preliminary study, cell viability of the primary Arctic char 295 
hepatocytes in culture media cultured at three different temperatures (8°C, 12°C and 15°C) was 296 
assessed daily over a period of 120 h by use of trypan blue and showed a viability > 80% at all 297 
time points for all temperatures (supplementary table S1). Screening of optimal incubation 298 
temperature (4, 10, 15oC) was performed using cells from one fish (Fig. 1). Cell density was 299 
more extensively evaluated, generally using 3-7 fish (depending on cell density), to identify 300 
both optimal assay sensitivity, reproducibility and robustness.       301 
 302 
3.2.1 Influence of temperature and cell density on cytotoxicity 303 
The incubation temperature affected the biomarker response of the exposed Arctic char 304 
hepatocytes, and the highest toxicity of the positive control CuSO4 was observed at a 305 
temperature of 4±2°C (Fig 1). However, the responses (e.g. EC50 values) differed only by a 306 
factor of 1.3 (inhibition of metabolic activity) and 2.4 (loss of membrane integrity) between the 307 
different temperatures used in the study (Table S2). No clear coherence between the EC50 values 308 
and cell density was found for the two endpoints after exposure to CuSO4 (Table S2). 309 
 310 
3.2.2 Vtg protein expression 311 
The E2-induced Vtg protein expression was also affected by the different exposure conditions 312 
used. The largest absolute Vtg induction was obtained at 15°C when reviewing raw data  313 
(Supplementary table S5). However, when normalizing data against the positive and negative 314 
controls, the EC50 values obtained at the different temperatures were within a factor of 2. The 315 
lowest EC50 value for Vtg protein expression was seen at 10°C (Fig 2, Table S1). Interestingly, 316 
cell density had a higher impact on the response than the exposure temperature. The EC50 value 317 
for Vtg protein expression declined with a factor of 11.5 from the highest to the lowest cell 318 
density (Table S1).  319 
 320 
3.2.3 CYP1A protein expression and EROD activity 321 
A concentration-dependent increase in hepatocyte CYP1A protein expression and EROD 322 
activity was observed after exposure to TCDD. In similarity with Vtg expression, the largest 323 
CYP1A protein expression was observed for non-normalized data at 15°C (supplementary table 324 
S5). Less variable EC50 values (within a factor of 2) for CYP1A protein expression and EROD 325 
activity were achieved by normalizing the data against the positive and negative controls. The 326 
lowest EC50 value for both EROD activity and CYP1A protein expression was obtained at an 327 
exposure temperature of 10°C (Fig. 3, table S1). The EC50 for CYP1A protein expression 328 
generally declined with decreasing cell density, except for a higher EC50 at 250 000 cells/ml 329 
than for 500 000 cells/ml. The EC50 for CYP1A protein expression varied by a factor of 3.4 330 
between the different cell densities (Table S1). The EC50 for EROD activity declined with 331 
decreasing cell density and varied by a factor of 2.2 between the highest (750 000 cells/ml) and 332 
lowest (100 000 cells/ml) cell density (Table S1).  333 
 334 
3.3 Environmental pollutants 335 
The temperature and cell density that best balanced the environmental relevance, optimal 336 
conditions for determining the endpoint measured and providing high-throughput (10°C and a 337 
cell density of 250 000 cells per ml) were used as standard exposure conditions for testing of 338 
the environmental pollutants BPA, OP, BAP and PCB126 (Fig. 4-6).  339 
 340 
3.3.1 Cytotoxicity 341 
The cell viability was expressed as membrane integrity and metabolic activity, displaying 100% 342 
viability in the media control and 0% viability in the positive control (0.1M CuSO4) after 96h 343 
of exposure (Fig. 2). Complete cell death was confirmed by visual inspection (using 344 
microscope) of cells exposed to the positive control. In these wells, no intact cells were present. 345 
Full CRCs for inhibition of metabolic activity and loss of membrane integrity were obtained 346 
for both BPA (metabolic activity: EC50= 9.2 µM, membrane integrity: EC50= 57 µM) and OP 347 
(metabolic activity: EC50= 22 µM, membrane integrity: EC50= 32 µM), whereas only partial 348 
CRCs were observed for BAP (metabolic activity: 67% of solvent control and membrane 349 
integrity: 84% of solvent control at highest tested concentration) and PCB126 (metabolic 350 
activity: 71% of solvent control and membrane integrity: 96% of solvent control at highest 351 
tested concentration). Inhibition of metabolic activity was found to be 1.5–6.2 times more 352 
sensitive than loss of membrane integrity when comparing the obtained EC50 values for the 353 
compounds tested (Table 1).  354 
 355 
3.3.2 Vitellogenin protein expression 356 
A full CRC for Vtg protein expression was obtained for the model compound E2 (EC50 = 0.43 357 
nM) after 96h of exposure, whereas only a small increase was observed for BPA (efficacy = 358 
13% at 3 µM) and OP (efficacy = 22% at 10 µM), suggestively due to an increase in cytotoxicity 359 
at the highest concentrations tested.   360 
 361 
3.3.3 CYP1A protein expression and EROD activity 362 
Full CRCs for CYP1A protein expression and/or EROD activity were obtained for the positive 363 
control TCDD (CYP1A protein expression: EC50 = 0.597 nM, EROD activity: EC50 = 0.923 364 
nM) after 48h of exposure. For the environmentally relevant compounds, both full (CYP1A 365 
protein expression) and partial (EROD activity) CRCs were obtained for PCB 126 (CYP1A 366 
protein expression: EC50 = 30 nM and efficacy = 120%, EROD activity: EC50 = 30 nM and 367 
efficacy = 50%) and BAP (CYP1A protein expression: EC50 = 350 nM and efficacy = 81%, 368 
EROD activity: EC50 = 475 nM and efficacy = 62%) (Fig. 6, Table 1). Induction of CYP1A 369 
protein expression and EROD activity was found to be equally sensitive when comparing the 370 
EC50 values obtained (within a factor of 1.5, Table 1).  371 
 372 
3.4 Environmental extract 373 
An extract of tunnel wash water was tested for cytotoxicity, Vtg protein expression, EROD 374 
activity and CYP1A protein expression (Fig. 7). The extract affected the cell viability shown 375 
by a reduction in both the membrane integrity and metabolic activity to 42% and 35% of   376 
solvent control, respectively. The EC50was a CR of 7.4 for membrane integrity and of 5.7 for 377 
metabolic activity in the Arctic char hepatocytes. The extract of control water did not affect the 378 
cell viability of the Arctic char primary hepatocytes. No increase in the Vtg protein expression 379 
was observed for the tunnel wash water extract and control water extract at the tested CRs (up 380 
to 10 times concentrated from the original water sample). Both the EROD activity and CYP1A 381 
protein expression was induced by the tunnel wash water extract. At a CR ≥ 3, the EROD 382 
activity and CYP1A protein expression declined in parallel with the decline in metabolic 383 
activity and membrane integrity. A partial CRC was obtained for CYP1A with EC50 at a CR of 384 
0.94 and an efficacy of 89%. The highest EROD activity was 38% of the positive control at a 385 
CR of 1. 386 
 387 
 388 
4. Discussion 389 
4.1 Isolation and exposure of Arctic char hepatocytes 390 
The present study documents the development of a multi-endpoint in vitro bioassay using 391 
primary Arctic char hepatocytes and demonstrates the use for screening a suite of    392 
environmental pollutants and an ecologically-relevant complex mixture. A key feature for 393 
successful bioassay development as that described herein is the successful isolation of     394 
primary hepatic cells from live fish and the optimization of culturing and exposure conditions. 395 
In this study, high yield and quality isolation of primary Arctic char hepatocytes were     396 
obtained by the use of collagenase type VIII, whereas collagenase type IV, which is routinely 397 
used for isolation of rainbow trout (Oncorhynchus mykiss) and salmon (Salmo salar) 398 
hepatocytes (Petersen and Tollefsen, 2011; Tollefsen et al., 2003) resulted in disrupted cells 399 
and low cell yield after centrifugation. The reason for this discrepancy is currently unknown, 400 
but presence of high content of lipid vacuoles or fat in the primary cells (supplementary, Fig. 401 
S1) can provide some explanation as similar challenges have been encountered when isolating 402 
Atlantic cod (Gadus morhua) hepatocytes due to their high fat content (Husøy et al., 1996). In 403 
contrast, type IV collagenase seemed to work well for the isolation of hepatocytes from 404 
different marine fish species such as plaice (Pleuronectes platessa), long rough dab 405 
(Hippoglossiodes platessoides) and Atlantic cod (Ellesat et al., 2011) and may indicate that 406 
other species-specific or methodological differences could account for low primary hepatocyte 407 
cell yields from fish. However, our results suggest that obstacles such as low yield and quality 408 
of isolated primary fish hepatocytes can be most effectively resolved by testing different types 409 
and batches of collagenase during the initial bioassay optimization steps.   410 
 411 
In an optimal bioassay, the exposure temperature should be chosen to balance the environmental 412 
relevance, optimal conditions for determining the biomarker or effect endpoint measured and 413 
offer a high-throughput system. In general, protein synthesis increases with temperature in fish 414 
(Jankowsky et al., 1981), and higher level of Vtg mRNA have been observed in rainbow trout 415 
hepatocytes exposed at 18C than at 14C (Pawlowski et al., 2000). This is similar to the present 416 
study where higher raw data readings (absorbance and fold change) was observed with 417 
increasing incubation temperatures. Contrary to this, Tollefsen et al. (2003) observed that the 418 
Vtg protein production in primary hepatocytes from salmon was optimal at 12C, whereas 419 
lower (8C) and higher (16C) temperatures produced sub-optimal CRCs. Thus the optimal 420 
temperature for a specific biomarker response seems both to be species and endpoint dependent, 421 
and choice of exposure conditions potentially become a compromise between the two. The 422 
ultimate upper (23-24°C) and lower (0°C) incipient lethal temperatures for Arctic char clearly 423 
verify that this salmonid may successfully survive both temperate and Arctic conditions 424 
(Lyytikäinen and Jobling, 1998). However, low water temperatures (4-7°C) are required during 425 
the final stages of the reproductive cycle (Jobling et al., 1995), whilst the growth rates of 426 
juveniles peak at 12-14C. Studies have shown relatively high growth rates even during periods 427 
with low water temperatures (Brännäs and Wiklund, 1992; Siikavuopio et al., 2009). Bioassay 428 
temperatures between 4C and 10C seem therefore to be most environmentally relevant for 429 
Arctic char, and agree well with the proposed optimal bioassay temperature of 10C in the 430 
present study. The choice of temperature agrees very well with that used for studies with 431 
hepatocytes from plaice, long rough dab and Atlantic cod (10C, Ellesat et al., 2011). 432 
 433 
Another important factor affecting the biomarker response is the cell density used in the well 434 
of the microplates. Tollefsen et al. (2003) observed a density-dependent increase in Vtg 435 
production up to 500 000 cells/ml, whereas higher densities led to reductions in Vtg     436 
production in primary hepatocytes from salmon. In this study, a lower cell density than 437 
previously used for Atlantic cod (Ellesat et al., 2011; Søfteland et al., 2010), rainbow trout 438 
(Hultman et al., 2015b), plaice, and long rough dab (Ellesat et al., 2011) were found to best 439 
balance the response and efficiency (number of plates per million cells) of the Arctic char 440 
hepatocyte assay. Cell densities in a similar range as that used in the current study have 441 
previously been used to study Vtg induction in primary hepatocytes from Oryzias latipes and 442 
Oreochromis mossambicus (Kim and Takemura, 2003; Kordes et al., 2002; Riley et al., 2004, 443 
see supplementary Table S4 for more information). Reduction in cell density without 444 
compromising the sensitivity and responsiveness would render the assay more efficient in terms 445 
of the number of compounds/extract that could be tested and thus comply well with the 3R’s 446 
(reduction, refinement, replacement) ambitions to reduce animal use for testing purposes.   447 
 448 
The suggested optimal exposure conditions in this study using an incubation temperature of 449 
10°C and exposure period of 48h for EROD and CYP1A activity and 96h for Vtg and 450 
cytotoxicity is similar to studies using primary hepatocyte cultures from other fish species 451 
(Ellesat et al., 2011; Petersen and Tollefsen, 2011; Petersen et al., 2016; Tollefsen et al., 2003). 452 
The conditions were chosen based on screening assays covering multiple endpoints. Thus 453 
optimization for single endpoints and endpoints not investigated in this study might result in 454 
other recommendations.  455 
 456 
4.2 Cell viability 457 
Several assays have been employed to assess in vitro cell viability, including neutral red, 458 
propidium iodide, reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-dephenyltetrazolium bromide 459 
(MTT), release of preloaded radioactive label, leakage of the cytoplasmic enzyme lactate 460 
dehydrogenase (LDH) and fluorescent dyes (reviewed by Schreer et al., 2005). The two     461 
probes used herein provide complementary information by differentiating between compounds 462 
targeting the (mitochondrial) metabolic processes (AB) and the more unspecific MOA 463 
associated with cellular disruption potentially reflecting narcosis or baseline toxicity (CFDA-464 
AM) (Schreer et al., 2005).  465 
 466 
Interestingly the EC50 for metabolic activity after exposure to BAP was 6 times lower than the 467 
EC50 for membrane integrity, which could indicate that BAP specifically target mitochondrial 468 
functions. This is supported by findings that exposure to BAP induced formation of reactive 469 
oxygen species (ROS) via CYP1A metabolism, resulting in harmful BAP diones (Farmen et 470 
al., 2010) which may cause cytotoxicity (full review see Verma et al., 2012) and potentially 471 
result in apoptosis (programmed cell death) at low concentrations and necrosis at high 472 
concentrations (Zacchino et al., 2013). No difference in the EC50 for metabolic activity and 473 
membrane integrity was observed after exposure to BPA in this study. Previous studies have 474 
shown that BPA elicit specific cytotoxicity in addition to its ER-agonistic properties, and it has 475 
been suggested that early cytotoxicity of BPA is mediated through activation of caspase-3 476 
(Kaptaner and Kankaya, 2016), which plays a central role in apoptosis in fish (dos Santos et al., 477 
2008). However, the present study did not investigate these underlying causes for cytotoxicity 478 
and although interesting will not be addressed in any detail herein. 479 
 480 
The effect on metabolic activity after exposure to OP was highly similar to previous EC50 values 481 
reported for rainbow trout hepatocytes (table 2). The EC50 values for metabolic activity after 482 
exposure to BPA differed by a factor of 7, with Arctic char hepatocytes being more sensitive 483 
than rainbow trout hepatocytes. The lower sensitivity of rainbow trout hepatocytes may be due 484 
to temperature-dependent increase in biotransformation of the compounds, as previously 485 
reported in vivo (Buckman et al., 2007; Niimi and Palazzo, 1985), where the higher incubation 486 
temperature used for rainbow trout hepatocytes could lead to higher level of biotransformation, 487 
and thus reducing internal cellular concentrations of the test compounds 488 
 489 
4.3 Vitellogenin protein expression  490 
Vtg gene and protein expression are commonly used biomarkers for environmental 491 
(xeno)estrogens in juvenile/male fish as it is mediated by the binding and transcriptional 492 
activation of the ER. The induction of Vtg expression has been proposed to be sensitive, reliable 493 
and easy to use in chemical screening and environmental monitoring (Bickley et al., 2009; 494 
Harman et al., 2010; Hultman et al., 2015b; Tollefsen et al., 2008) and acknowledged to be a 495 
good estrogenic biomarker due to fairly good knowledge of baseline data, low number of 496 
confounding factors and high toxicological significance (van der Oost et al., 2003). The ERα-497 
isotype, which has been proposed to be the dominating estrogen responsive receptor in the      498 
fish liver, has retained its genomic structure and function across vertebrate species (Nelson    499 
and Habibi, 2013). Although the maximum level of Vtg varies among species (reviewed by 500 
Navas and Segner, 2006), in vitro induction of Vtg serves as a robust signal for estrogenic    501 
exposure. Furthermore, molecular and subcellular processes associated with the in vitro ER 502 
signaling pathway has been proposed to reflect in vivo bioactivity in other salmonid fish such 503 
as rainbow trout (Hultman et al., 2015a, 2015b).  504 
 505 
The EC50 for Vtg protein expression in E2 exposed Arctic char hepatocytes was from 465 times 506 
lower to 4 times higher than that of  E2 exposed primary rainbow trout hepatocytes, and 17 507 
times higher than that reported in salmon (Table 1 and 2). The results indicate that the Arctic 508 
char hepatocytes have a similar sensitivity as that of rainbow trout hepatocytes, albeit slightly 509 
less sensitive than salmon. The Vtg protein expression induced by the two environmental 510 
contaminants OP and BPA were lower in primary hepatocytes from Arctic char than from 511 
rainbow trout (Petersen and Tollefsen, 2011) by displaying a 3.3 (BPA) and 1.9 (OP) fold higher 512 
maximum response (measured as % of positive control) in rainbow trout, respectively (Table 1 513 
and 2). As the Arctic char hepatocytes contained high amount of lipid vacuoles, it can be 514 
hypothesized that this may lead to partition-induced restriction of the bioavailable fraction of 515 
the exposure chemicals available to interact with the intracellular ER-binding sites. However, 516 
a highly sensitive response was observed for E2 which has a logKOW between those for OP and 517 
BPA, indicating that factors such as estrogenic potency, ER binding affinity (Rankouhi et al., 518 
2004), temperature dependent ER affinity (Petit et al., 1995) and biotransformation rate may 519 
also affect the Vtg response in fish.   520 
 521 
4.4 EROD activity and CYP1A protein expression 522 
In fish, the CYP1A subfamily is responsible for biotransformation of a myriad of xenobiotic 523 
compounds (PAHs, PCBs, dioxins, etc.) (Goksoyr and Forlin, 1992), and is one of the most 524 
sensitive biomarkers for planar (chlorinated) hydrocarbons used in environmental monitoring 525 
(van der Oost et al., 2003). The mechanism of AhR-mediated induction of CYP1A gene and 526 
protein expression and activation of EROD activity are well documented and display high 527 
sensitivity, good reliability and are easy to perform in multiple species (van der Oost et al., 528 
2003). EROD activity appear to be the most sensitive catalytic assay for induction of the 529 
cytochrome P450 system in fish (Goksoyr and Forlin, 1992), and together with levels of CYP1A 530 
protein and mRNA, EROD activity may be used for exposure assessment and as an early-531 
warning signal for potential harmful effects (van der Oost et al., 2003). The assay is typically 532 
conducted with liver tissue due to the high activity of biotransformation in this organ. Primary 533 
fish hepatocytes express stable levels of phase I and II enzymes (incl. CYP1A), which are 534 
induced after exposure to xenobiotics (Segner and Cravedi, 2001). The xenobiotic metabolite 535 
pattern in primary hepatocytes is generally similar to that observed in vivo (Segner and Cravedi, 536 
2001), thus indicating primary hepatocytes’ suitability for CYP1A protein expression and 537 
EROD activity analysis. 538 
 539 
The EC50 for CYP1A protein production in Arctic char hepatocytes after exposure to TCDD 540 
was 14.6 times higher in the hepatocytes from Arctic char than rainbow trout (Petersen et al., 541 
2016). The lower responsiveness towards TCDD might be due to compartmentalization of the 542 
highly hydrophobic TCDD (logKOW = 6.8) to passive lipid reservoirs inside the char 543 
hepatocytes, thus making it less bioavailable for the AhR-receptor and the activation of 544 
downstream events such as activation of CYP1A expression. The Atlantic cod liver which is 545 
also high in fat content has in several studies shown to be less responsive to AhR agonists than 546 
other fish species (Beyer et al., 1996; Goksøyr et al., 1996; Hektoen et al., 1994; Husøy et al., 547 
1996). However, the current findings that both BAP and PCB 126 induce high levels of CYP1A 548 
protein expression in Arctic char hepatocytes (Table 1) highlights the assay suitability to study 549 
AhR mediated effects.   550 
 551 
In the current study with Arctic char hepatocytes, the EC50 for EROD activity of TCDD was 37 552 
times higher than in primary rainbow trout hepatocytes (Petersen et al., 2016), but only 1.5 553 
lower than in primary tilapia hepatocytes cultured in media supplemented 5% FBS (Zhou et al., 554 
2006). The EC50 for EROD induction after exposure to BAP was within the range previously 555 
observed for rainbow trout hepatocytes (Behrens et al., 2001; Scholz and Segner, 1999), and 6 556 
times higher than in tilapia (Zhou et al., 2006).  As the effects on EROD activity after exposure 557 
to BAP was within previous reported results for rainbow trout hepatocytes, it can be questioned 558 
whether the presence of lipid vacuoles in hepatocytes were of importance for differences in 559 
assay sensitivities as the hydrophobicity (logKOW) of TCDD and BAP are fairly similar (log 560 
KOW(TCDD)= 6.8, Log KOW(BAP)= 6.13). It’s therefore suggested that species-differences in 561 
cellular bioavailability, affinity and efficacy of these receptor-mediated responses may account 562 
for a substantial part of the difference in EC50 between the current study and previous reported 563 
results with other fish species. As expected, good correlation between EROD activity and 564 
CYP1A protein expression was obtained in the present study. The EC50 values from the two 565 
AhR-mediated responses differed by a factor of 1.5 after exposure to TCDD, was identical after 566 
exposure to PCB 126, and differed by a factor of 1.4 after exposure to BAP. Both endpoints 567 
were induced at non-cytotoxic concentrations. A higher efficacy was observed for CYP1A 568 
protein expression than EROD activity for BAP and PCB126. This is similar to in vivo findings 569 
where an increase in CYP1A protein level was observed without any alterations in EROD 570 
activity after intraperitoneal injections of Sebastiscus marmoratus with 10 mg/kg BAP (Wang 571 
et al 2008). However, both endpoints were significantly increased after 25 days of waterborne 572 
exposure to 1000 ng/L BAP (Wang et al., 2008). Thus, increased protein expression of CYP1A 573 
does not always correlate with increased EROD activity, and it has been suggested to include 574 
CYP1A protein expression to complement EROD activity for in toxicological assessments 575 
(Wang et al., 2008). In addition, both CYP1A expression and EROD activity might be necessary 576 
to avoid underestimation of effects in situations of co-exposure to CYP1A enzyme inhibitors 577 
in environmental samples (Celander et al., 2011).     578 
4.5 Environmental samples 579 
Pollutants in the environment occur as complex mixtures that vary with time and space. Such 580 
complex mixtures are likely to contain a large variety of compounds affecting similar and 581 
dissimilar endpoints. In some cases, compounds in a mixture can act additively, synergistically 582 
or antagonistically (Eaton and Gilbert, 2007) and even mask the effect of one another (Frische 583 
et al., 2009). A proper evaluation of environmental mixtures is of importance to elucidate the 584 
different types of combined effects that may occur (Petersen and Tollefsen, 2011, 2012).  585 
 586 
Extracts from tunnel wash water contain a large number of anthropogenic contaminants, 587 
including PAHs and other organics such as organophosphates like tris-(2-chloro, 1-588 
methylethyl)-phosphate (TCPP) and tributyl phosphate (TBP), compounds also found in the 589 
Arctic region (Bytingsvik et al., 2015; Letcher et al., 2010; Meland et al., 2010; Meland and 590 
Roseth, 2011). Although not directly comparable to an Arctic exposure scenario, the extract of 591 
tunnel wash water serves as an example of a complex environmental sample and is reported to 592 
cause cytotoxicity, induction of EROD activity and CYP1A protein expression in rainbow trout 593 
hepatocytes (Petersen et al., 2016). The Arctic char hepatocytes appeared to be slightly less 594 
sensitive in terms of measured metabolic activity (EC50 = CR of 5.7) than the rainbow trout 595 
hepatocytes (EC50 = CR of 4.3) and slightly more sensitive (2 fold) in terms of measured 596 
CYP1A protein expression when compared to the EC50 obtained from rainbow trout (Petersen 597 
et al., 2016). No induction of Vtg protein expression was observed, potentially due to high 598 
concentrations of AhR-agonists (i.e. PAHs) that has previously been proposed to mask the 599 
effect of ER agonists in fish through a nuclear receptor cross-talk between AhR and ER (Gräns 600 
et al., 2010; Mortensen et al., 2007; Petersen et al., 2016).  601 
 602 
4.6 Environmental relevance 603 
Increased anthropogenic activity in the Arctic regions is anticipated due to the rapid decline in 604 
Arctic sea ice which may offer new opportunities for economic activity like shipping, tourism, 605 
oil-drilling etc. With increased activity, local emission of pollutants may increase in addition to 606 
pollutants transferred by wind, ocean currents and organisms from temperate regions. It is 607 
therefore anticipated that Arctic species will be exposed to a wider range of pollutants at    608 
higher concentrations than they are today. In order to participate to a better understanding of 609 
potential implications of increased exposure in the Arctic, development of relevant and feasible 610 
high-throughput in vitro methods from Arctic species is warranted.   611 
 612 
The presented in vitro assays with Arctic char hepatocytes offer an environmentally relevant, 613 
highly versatile and high-throughput screening tool for potential effects of pollutants both 614 
individually and in complex environmental samples. Clear bioassay responses of model 615 
compounds, environmental pollutants and a complex environmental sample were obtained. The 616 
biomarker responses were easily detected at all temperatures, and all cell densities, showing the 617 
robustness and potential of the assay to be run at other conditions than those used herein. The 618 
Arctic char hepatocytes showed increase of AhR mediated effects (EROD activity and CYP1A 619 
protein expression) at ecologically-relevant environmental concentrations (e.g. CR<1), 620 
demonstrating the assays suitability to be used for effect screening of environmental extracts. 621 
Overall, the sensitivity of Arctic char hepatocytes compared to hepatocytes from other donor 622 
fish was compound- and endpoint-dependent, potentially due to species-specific differences in 623 
cellular absorption, distribution, metabolism and excretion (ADME) and/or ability to trigger the 624 
cellular responses studied.  625 
 626 
Primary fish hepatocytes have proven versatile and our results suggests that hepatocytes from 627 
Arctic char generally respond similarly to cells from other fish species. Based on the current 628 
study, further optimization for other endpoints such as cellular energetics, metabolism, 629 
oxidative stress and cellular damage etc. may expand the versatility of the bioassay, and support 630 
assessing a larger number of toxic mechanism relevant for Arctic species.  631 
 632 
5. Conclusion 633 
Primary hepatocytes from Arctic char were successfully isolated and culture conditions 634 
optimized to cover multiple biomarker and effect endpoints in a high-throughput format. 635 
Culture conditions of 10°C, 250 000 cell/ml and 48h exposure for EROD and CYP1A analysis, 636 
and 96h exposure (with re-exposure after 48h) for cytotoxicity and Vtg analysis were used. The 637 
hepatocytes yielded concentration-dependent responses to the model compounds, 638 
environmental pollutants and the environmental sample tested. The bioassay response and 639 
sensitivity of the hepatocytes from Arctic char differed slightly from closely related salmonid 640 
species. The presented in vitro assays with Arctic char hepatocytes offer an environmentally 641 
relevant and highly versatile tool to screen potential effects of pollutants and complex samples 642 
relevant for Arctic exposure scenarios.  643 
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Highlights 
• Primary hepatocytes were successfully isolated from Arctic char 
• Bioassay optimized for determination of cytotoxicity and biomarkers (CYP1A, EROD and Vtg 
induction)   
• Test compounds and environmental extract caused concentration-dependent responses for 
all endpoints 
• Biological responses observed resemble that of hepatocytes from other species 





Figure 1. Effects of temperature (top row, cell density 500 000 cells/ml) and cell density 
(bottom row, exposure temperature 10°C) on membrane integrity and metabolic activity of 
Arctic char (Salvelinus alpinus) hepatocytes exposed to copper sulphate. The data (mean ± 
SEM) was normalized between solvent control (DMSO: 100% viability) and positive control 
(0.01M copper sulphate, 0% viability. The lines represent non-linear curve fit to experimental 
data from 1 (top row) and 3-7 (bottom row) independent cell isolations. 
 
Figure 2. Effects of temperature (top, cell density of 500 000 cells/ml) and cell density (bottom, 
exposure temperature of 10°C) on vitellogenin (Vtg) protein expression of Arctic char 
(Salvelinus alpinus) hepatocytes exposed to 17β-estradiol (E2). The data (mean ± SEM) was 
normalized between solvent control (DMSO, 0%) and positive control (30nM E2). The lines 
represent non-linear curve fit to experimental data from 1 (top) and 3-7 (bottom) independent 
cell isolations. 
 
Figure 3. Effects of temperature (top, cell density 500 000 cells/ml) and cell density (bottom, 
exposure temperature 10°C) on ethoxyresorufin-O-deethylase (EROD) activity and 
cytochrome P450 1a (CYP1A) protein expression in Arctic char (Salvelinus alpinus) 
hepatocytes exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The data (mean ± SEM) 
was normalized between solvent control (DMSO, 0%) and positive control (0.3 or 3 nM   
TCDD, 100%). The lines represent non-linear curve fit to experimental data from 1 (top row 
and left bottom row) and 2-3 (right, bottom row) independent cell isolations. 
 
Figure 4. Membrane integrity and metabolic activity of Arctic char (Salvelinus alpinus) 
primary hepatocytes after exposure to environmental pollutants. The data (mean ± SEM) was 
normalized between solvent control (DMSO, 100%) and positive control (0.01 M copper 
sulphate, 0%). The lines represent non-linear curve fit to experimental data from 5-6 
independent cell isolations. 
 
Figure 5. Relative vitellogenin (Vtg) protein expression (●) and metabolic activity (◌) in    
Arctic char (Salvelinus alpinus) primary hepatocytes after exposure to environmental 
pollutants and 17β-estradiol (E2). The data (mean ± SEM) was normalized between solvent 
control (DMSO, 0%) and positive control (30 nM E2, 100%). The lines represent non-linear 
curve fit to experimental data from 3-5 independent cell isolations. 
 
Figure 6. Relative ethoxyresorufin-O-deethylase (EROD) activity (●), cythocrome P450 1a 
protein expression (CYP1A) (●) and metabolic activity (◌) in Arctic char (Salvelinus alpinus) 
primary hepatocytes after exposure to environmental pollutants and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). The data (mean ± SEM) was normalized between 
solvent control (DMSO, 0%) and positive control (3 nM TCDD, 100%). The lines represent 
non-linear curve fit to experimental data from 4-6 independent cell isolations. 
 
Figure 7. Relative expression of membrane integrity, metabolic activity, ethoxyresorufine-O-
deethylase (EROD) activity and cytochrome P450 1a (CYP1A) protein expression in Arctic 
char (Salvelinus alpinus) hepatocytes after exposure to the tunnel wash water extract (●) and 
control water extract (○). The data (mean ± SEM) was normalized between solvent control 
(DMSO) and individual endpoint positive controls (0.01M CuSO4; 3 nM TCDD). The lines 








Table 1. Summary of results 




BAP 50-32-8 6.13 NR 84 
PCB 126 57465-28-8 6.98 NR 96 
BPA 80-05-7 3.32 57000  6 
OP 140-66-9 4.8 32000  6 
Metabolic activity 
 
BAP 50-32-8 6.13 NR 67 
PCB 126 57465-28-8 6.98 NR 71 
BPA 80-05-7 3.32 9200  4 
OP 140-66-9 4.8 22000 4 
EROD activity 
 
TCDD 1746-01-6 6.8 0.923  100 
PCB 126 57465-28-8 6.98 30  50 
BAP 50-32-8 6.13 475 62 
CYP1A protein expression 
 
TCDD 1746-01-6 6.8 0.597  100 
PCB 126 57465-28-8 6.98 30  120 
BAP 50-32-8 6.13 350 81 
Vtg protein expression 
 
E2 50-28-2 4.01 0.43 100 
BPA 80-05-7 3.32 NR 13 
OP 140-66-9 4.8 NR 22 
 * Highest effect relative to positive control, for membrane integrity and metabolic activity efficacy values are 
the cell viability obtained at the highest tested concentrations.  
 
Table 2. Compiled data for other primary hepatocyte donor species than Arctic char . 
Endpoint Compound CAS LogKOW Primary hepatocyte  
donor species 
EC50 (nM)  Efficacy (%)* Reference 
Metabolic activity BPA 80-05-7 3.32 Rainbow trout 61000  Petersen and Tollefsen, 2011 







6.8 Rainbow trout 0.025 100 Petersen et al, unpublished 
Freshwater tilapia (O. niloticus) 1.4  Zhou et al., 2006 
BAP 50-32-8 6.13 Rainbow trout 92  Behrens et al., 2001 
Rainbow trout 922  Scholz and Segner, 1999 
Freshwater tilapia (O. niloticus) 81  Zhou et al., 2006 
CYP1A protein expression TCDD 1746-01-6 6.8 Rainbow trout 0.041 100 Petersen et al., 2016  
Vtg protein expression 
 
E2 50-28-2 4.01 Rainbow trout 0.63 100 Petersen and Tollefsen, 2011 
Rainbow trout 200  Okoumassoun et al., 2002 
Rainbow trout 0.1  Olsen et al., 2005 
Salmon (Salmo salar) 0.026  Tollefsen et al., 2003 
BPA 
 
80-05-7 3.32 Rainbow trout 13000+ 42.6 Petersen and Tollefsen, 2011 
Rainbow trout 3500  Olsen et al., 2005 
OP 
 
140-66-9 4.8 Rainbow trout 14000 43.2 Petersen and Tollefsen, 2011 
Rainbow trout 3100  Olsen et al., 2005 
 * Highest effect relative to positive control, for membrane integrity and metabolic activity efficacy values are the cell viability obtained at the highest tested concentrations, +extrapolated 
from concentration-response curve.  
 
 
